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Abstract on February 8, 2019, the Atmosphere-Space Interaction Monitor observed a terrestrial
gamma-ray flash (TGF) and an Elve from a positive intracloud (+IC) lightning during the initial
breakdown stage of a lightning flash north east of Puerto Rico. A second Elve produced by the return
stroke (RS) of a negative cloud-to-ground (—CG) lightning was observed 456 ms later about 300 km south
of the first one. Radio measurements show that a short (30 us) and large (280 kA km) energetic in-cloud
pulse (EIP) produced the electromagnetic (EM) wave for the first Elve while the RS of the —CG was

the EM source for the second Elve. Assuming that the EIP and the RS were the sources of the 777 nm
emissions, both the delay relative to the ultra-violet pulse and the shape and duration of the 777 nm
emissions can be explained by scattering and absorption inside the clouds. The TGF produced by the +I1C
lightning had the same duration as the EIP (~30 us). Due to the £80 us timing uncertainty of the TGF, we
can only state that TGF was produced just before or most likely simultaneously with the EIP. The large
777 nm pulse indicates that a large part of the EIP was produced by a current flowing in a hot channel, but
it is likely that the TGF current also contributed significantly to the EIP.

1. Introduction

Terrestrial gamma-ray flashes (TGFs) are short flashes of high energy photons up to ~40 MeV observed by
many platforms over the last 3 decades (Bogomolov et al., 2017; Briggs et al., 2010; Fishman et al., 1994;
Marisaldi et al., 2010; Smith et al., 2005; Ursi et al., 2017). It was early established that they originate from
thunderstorms, but how they are connected to the various processes in lightning is still an open question.
Spectral analysis (Dwyer & Smith, 2005) and radio measurements (Cummer et al., 2015) have shown that
TGFs observed from space are produced inside thunderclouds (10-15 km altitude) in association with pos-
itive intracloud (+IC) lightning (Cummer et al., 2005; Stanley et al., 2006). Several studies have shown
that TGFs are typically produced in the initial phase of lightning flashes during the upward propagation of
leaders (Cummer et al., 2011; Lu et al., 2010; @stgaard et al., 2013; Shao et al., 2010). Recently, it has been
reported that TGFs are frequently observed simultaneously with energetic in-cloud pulses (EIPs) (Cummer
et al., 2014; Pu et al., 2019). Theoretical considerations (Cummer et al., 2014; Lyu et al., 2015) and mode-
ling (Liu et al., 2017) have suggested that the EIPs related to TGFs should also produce Elves, which can
be observed as rings of ultra-violet (UV) emissions produced by an electromagnetic pulse (EMP) from a
short and strong current pulse, when the EMP hits the ionosphere from below and excites N, molecules.
Earlier modeling efforts have related Elves doublets to compact intracloud discharges, which have similar
characteristics as EIPs (duration and intensity), but are assumed to be produced at higher altitudes (Mar-
shall et al., 2015). This prediction of an Elve and a TGF produced by the same discharge was confirmed by
the first results from Atmosphere-Space Interaction Monitor (ASIM) by Neubert et al. (2020), where both
optical and gamma-ray imaging and light curves showed that an Elve and a TGF were produced by the
same lightning within 20 + 5 ps. The first effort to relate both radio measurements and optical signals from
lightning and TGFs and to understand the sequence of events was reported by @stgaard et al. (2013). Un-
fortunately, as later pointed out by Gjesteland et al. (2017), the time resolution of the optical measurements
was not sufficient to make any unambiguous conclusions. With the launch of ASIM in 2018, this question
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could be revisited, and @stgaard, Neubert, et al. (2019) reported that the majority of the observed TGFs that
also had associated optical measurements (nighttime observations) were produced simultaneously (+80 us)
with a large optical pulse from IC lightning, but a significant part of the TGFs was produced before the onset
of the large optical pulse. The effects of scattering and absorption of light during its propagation through the
cloud were not accounted for in that study, and the large optical pulse was interpreted to be produced by a
large current pulse flowing in the hot channel of an upward propagating leader.

In this study, we present a unique combination of data obtained when an +IC lightning produced both an
Elve and a TGF, and 456 ms later a negative cloud-to-ground (—CG) lightning, 300 km south of the +IC
lightning, produced a second Elve. With high-resolution gamma-ray measurements of the TGF, high-reso-
lution optical measurements in two optical bands of the lightning, UV measurements of the two Elves and
low-frequency (LF) radio measurements from both lightning, we have explored in detail the time sequence
of events around the TGF generation. The locations of the two parent lightning were given by World Wide
Lightning Location Network (WWLLN) and GLD360 (Vaisala) and were consistent with the camera images
of the lightning. We also show that modeling of the Elve from the observed EIP as well as scattering and
absorption effects of the light propagation through the cloud is important for interpreting the time sequence
of events.

2. Instruments and Data

The ASIM payload (Neubert et al., 2019) consists of two main instruments, the modular X- and gam-
ma-ray sensor (MXGS) (@stgaard, Balling, et al., 2019) and the modular multispectral imaging array
(MMIA) (Chanrion et al., 2019). ASIM is mounted on the International Space Station (ISS) orbiting the
Earth at about 400 km altitude with an inclination of 51.6°. The MXGS consists of two detectors for detect-
ing X- and gamma-rays. The MXGS low-energy detector (LED) is a pixelated layer of cadmium-zinc-tellu-
ride detector crystals sensitive to photons with energies from 50 to 400 keV. The effective detection area
at 100 keV is ~400 cm? Temporal resolution of the LED is about 1 ps with a dead-time of about 1.4 ps.
The MXGS high energy detector (HED) comprises 12 bismuth-germanium-oxide (BGO) detector bars
with each coupled to a photomultiplier tube (PMT). The geometric detector area of HED is 900 cm? and
is sensitive to photons with energies from 300 keV to >30 MeV. The effective detection area for HED is
~650 cm?® at 1 MeV. The HED is mounted behind the LED. Temporal resolution of the HED is 28.7 ns with
a dead-time of about 550 ns for detection by the same PMT/BGO detector module. The MXGS character-
istics are summarized in Table 1. The MMIA has two cameras imaging 337.0 nm (CHU1) and 777.4 nm
(CHU2) emissions, at up to 12 frames per second (83 ms exposure), and three high-speed photometers
(PHOT 1-3) at 337.0 nm (bandwidth 5 nm), 180-230 nm, and 777.4 nm (bandwidth 4 nm) with a 100 kHz
sampling rate. The 777.4 nm emissions are from atomic oxygen and used for detecting lightning. Emis-
sions in the Lyman-Birge-Hopfield (LBH) UV band (180-230 nm) are affected by molecular absorption
of ozone and molecular oxygen and therefore this band is most sensitive to high-altitude phenomena. The
337.0 nm (N,2P) band will be most sensitive to lightning, but as it is close to the UV band, it will also see
weak signals similar to the UV emissions (Chanrion et al., 2019). The field of view (FOV) of the cameras
and the two photometers are square with 80° diagonal, while the UV photometer FOV is circular with
80° full cone angle. The MMIA characteristics are summarized in Table 2. The two instruments, MMIA
and MXGS, constitute a cross-triggered system. This means that when a TGF is detected the MMIA gets
a trigger signal and captures 2 s of data. When MMIA sees an optical signal above a certain level, MXGS
receives a trigger and captures 2 s of data. The relative timing between MXGS and MMIA was £80 us for
the February 8, 2019, event. After an upgrade of the onboard software implemented in March 2019, the

relative timing accuracy is =5 us for all triggered events. The absolute

time tagging of the ASIM instruments is varying stochastically between

E:;ble Lo MXGS 0 and 20 ms. However, due to the two Elve signatures in the UV band,
aracteristics of the LF data, and the WWLLN and GLD360 data, we were able to align
Temporal the LF and UV data with a 10 ps accuracy (see Sections 3.2 and 3.3).
Detector Energy range Effective area resolution
. . 400 cm? (at 100 keV) 1 s The LF radlo'emlssmns (30-300 kHz) w.ere recorded in Puerto Rico at
18.3468°N latitude and —66.7520°E longitude. The sensor has a flat fre-
HED 300 keV to >30 MeV 650 cm? (at 1 MeV) 28.7 ns

quency response from 100 to 200 kHz and a frequency-proportional re-
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Table 2
Characteristics of MMIA

sponse from 1 to 100 kHz. Absolute amplitude calibration was obtained
from both laboratory measurements and in-field cross calibration with

Instrument Band/width (nm)

other magnetic sensors. GPS timing ensures absolute timing accuracy of

PHOT 1 337.0/4
PHOT 2 180-230
PHOT 3 777.4/5
CHU 1 337.0/4
CHU 2 777.4/5

Temporal
FOV reseliien several microseconds. The LF radio measurements are used to derive cur-
rent moments on a time scale of 5 ys to 1 ms.
Square 80° diagonal 10 ps
Circular 80° diagonal 10 ps The WWLLN with more than 70 very low frequency (VLF) sensors around the
Square 80° diagonal iy globe provides lightning geolocation and timing (see http://wwlln.net). The
. time of group arrival technique provides average accuracy of 5 km and 10 s,
Square 80° diagonal >83 ms

) which varies significantly with geographical origin of the storm (Hutchins
Square 80° diagonal >83 ms et al., 2012; Rodger et al., 2005). To geolocate a lightning event, WWLLN

needs to detect the VLF sferics by at least five stations (Rodger et al., 2005).

GLD360 is another network of ground-based lightning sensors (500 Hz to 50 kHz) detecting both CG and
IC lightning with a median location accuracy of 2.5 km. The GLD360 sensors use a combination of mag-
netic direction finding and time-of-arrival techniques (from at least four stations) to geolocate the lightning
source (Rudlosky et al., 2017; Said et al., 2010).

The GOES-16 satellite (band 16) provides 15 min scan in 13.3 um wavelength (CO, longwave infrared band)
of cloud coverage with a 2 km spatial resolution (Schmit et al., 2016).

3. Observations
3.1. Overview

Figure 1 shows the position (red dot) of the ISS on February 8, 2019, at 00.01:38 UT north-east of Puerto
Rico during the two Elve detections. The green dots are the lightning activity detected by WWLLN within
+1,000 s around the TGF. The geolocations from WWLLN for the two Elve producing lightning are shown
by magenta dots. The first Elve was produced by a lightning about 100 km west of ISS (one magenta dot)
while the second Elve was produced from a lightning in a separate cloud 300 km south of the first one (two
magenta dots). Radio signals from both lightning were detected by the LF receiver in Puerto Rico (white
star) ~1,250 km and ~1,220 km away. The cloud coverage measured by GOES-16 spacecraft is also shown.
This is a 15 min scan with 13.3 um wavelength giving a 2 km resolution. The clouds close to ISS were
scanned approximately 5 min into the scan (~00:05:00 UT).

Figure 2 gives an overview of our measurements. The two spikes in Figure 2b are the UV signals from
the Elves, which are separated 456 ms in time, the same separation reported by WWLLN (blue vertical
lines), GLD360 (green vertical lines), and LF radio from Puerto Rico (Figure 2d) of an EIP in a +IC dis-
charge and a return stroke (RS) in a —CG discharge. Due to this alignment in time, our absolute timing
is not the nominal 0-20 ms accuracy of ASIM but is given by the lightning networks and the LF data,
and the MMIA photometer data are aligned such that the first UV peak coincides with the WWLLN,
GLD360, and LF data. In Sections 3.2, 3.3, and 4.2, we describe in more detail how the LF and UV data
are aligned with a ~10 us accuracy. Figures 2e and 2f show the MMIA camera images in 337 and 777 nm
wavelength (logarithmical scale). Red circles indicate the locations of the Elve producing lightning,
which coincide with the geolocation obtained by WWLLN and GLD360. The lightning that produced
the first Elve also produced a TGF and was the first large optical pulse in a lightning flash that lasted for
about 500 ms (Figures 2a, 2c, 2e, and 2f). From only the light curves of the optical signals, it may look
like the lightning that produced the second Elve belonged to the same flash. However, this is not the
case, as it came from lightning in a different cloud 300 km south of the first one. As no activity is seen
from this location in the previous camera images or by WWLLN or GLD360, it was the first large optical
pulse from that location.

3.2. TGF, Elve, and Optics From the +IC Discharge

Figure 3 shows three milliseconds of data around the TGF and the first Elve. To find the location and time
of the source, we have used both WWLLN and GLD360 detections of the source combined with the LF data
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Figure 1. A map of the event measured by ASIM on February 8, 2019, at 00.01:38 UT. Red dot is the location of the
International Space Station (ISS) during the two Elve detections and blue line shows its trajectory. Green dots are the
WWLLN activity £1,000 s of the TGF. Magenta dots are the WWLLN detections associated with the two Elves. White
star is the location of the LF receiver in Puerto Rico (marked with red). Cloud coverage is from GOES-16, band 16 by
a 15 min scan starting at 00.00:00 UT. ASIM, Atmosphere-Space Interaction Monitor; WWLLN, World Wide Lightning
Location Network; TGF, terrestrial gamma-ray flash; LF, low frequency.

and proceeded as follows: The two locations and times (47 ps apart), detected respectively by WWLLN and
GLD360, were used to forward propagate the times to the Puerto Rico LF receiver. It was found that the
average between the two locations and times gives the most precise arrival time at the Puerto Rico station
within a few us of the onset of the pulse in the LF data. We therefore used this average location, which is
within the uncertainties of both WWLLN and GLD360 location, for propagating the LF data back to source.
GLD360 reported a peak current of +257 kA. The MMIA photometer data were aligned such that the onset
of the UV pulse coincides with the onset of the LF pulse, with a 10 us delay, which will be explained in
Section 4.2. This means that the only assumption we have made for time aligning the MMIA and LF data
is that the large LF pulse of the EIP (see Section 4.1) is the source of the UV pulse of the Elve. Finally, the
MXGS data have a relative timing uncertainty of +80 us relative to MMIA and are shown by the horizontal
black line in Figure 3b.

Figure 3a shows the bipolar nature of the large LF pulse and the discrete (as opposed to continuous) pulse
activity before and after the signal. This, along with the polarity of the leading edge of the pulse, indicates
that this signal was produced by an IC lightning pulse with positive field polarity, and thus from an upward
propagating negative leader (Lyu et al., 2015). In the 1-ms interval before the large optical pulses, there are
three weak radio pulses (marked with green vertical lines) and gradually increasing weak optical signals
in 337 and 777 nm (Figures 3c and 3e). This can also be seen in Figure Al in Section A1, where 3-ms of LF
radio, 337, and 777 nm data are shown in logarithmic scale. Similar preactivity in the optical measurements
termed “leader propagation” was reported by @stgaard, Neubert, et al. (2019) and Neubert et al. (2020), and
here the LF radio measurements show the discrete pulsed nature of the radio emissions, consistent with
upward leader stepping. The Elve is seen in Figure 3d (UV pulse) with a fast rise time of ~100 us and a du-
ration of ~800 ps. The onset of the optical signal from the lightning seen in 777 nm (Figure 3e) is delayed
by ~70 us compared to the onset of the UV pulse. The 777 nm has a rise time of ~200 ps and duration of
~2 ms. The 337 nm signal has the same duration and shape as the 777 nm but has its onset simultaneous
with the UV signal, because 337 nm is also sensitive to the signal from the Elve. The fast rise time, the high
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Figure 3. Measurements of the simultaneous EIP, TGF, and Elve in milliseconds after 00.01:38 UT at the source. (a) LF from Puerto Rico with GLD360 and
WWLLN. The source time of the average location is marked with thick light blue in all panels (see text for explanation). The vertical green lines indicate leader
steps (see text for interpretation). (b) MXGS LED and HED measurements. Black horizontal line shows the +80 ps relative uncertainty between MXGS and
MMIA. (c) MMIA PHOT 337 nm. (d) MMIA PHOT UV 180-230 nm (LBH), (¢) MMIA PHOT 777 nm. For panels (c)-(e), the intensities are in ADC units. EIP,
energetic in-cloud pulse; TGF, terrestrial gamma-ray flash; LF, low frequency; WWLLN, World Wide Lightning Location Network; MXGS, modular X- and
gamma-ray sensor; LED, low-energy detector; HED, high energy detector; MMIA, modular multispectral imaging array; LBH, Lyman-Birge-Hopfield.

intensity of the UV signal, and that it precedes the 777 nm emissions indicate clearly that this is an Elve. As
will be shown in Section 4.3, the delay in the 777 nm emissions can be explained by cloud scattering, while
the EM pulse that produces the Elve is not delayed by scattering. We often see UV signals from the lightning
itself, but those are much weaker and follow the shape of the light curves of the other optical channels. The
TGF is on the same time line as the MMIA data with the relative +80 ps uncertainty shown by the black
horizontal bar in Figure 3b. The TGF duration in the HED was only 30-40 us with photon energies ranging
from 50 keV (LED) up to several tens of MeV (HED). The count rate was so high in HED that the instrument
was missing counts during the peak intensity.

Figure 2. An overview of measurements. (a) MMIA PHOT 337 nm, with the time of the TGF marked in the second frame, (b) MMIA PHOT UV 180-230 nm
(LBH), (c) MMIA PHOT 777 nm, (d) LF radio from Puerto Roco, (¢) MMIA camera 337 nm (log-intensity) with 83 ms exposure, and (f) MMIA camera 777 nm
(log-intensity) with 83 ms exposure. Red circles in (e and f) are the location of +IC (frame 2) and —CG (frame 7). Numbers above panel (a) are the frame
numbers of the camera, and the black vertical lines show the time intervals of the image frames. The vertical blue and green lines between the panels are the
sferics detected by WWLLN and GLD360, respectively. For panels (a-c), the intensities are in ADC units. MMIA, modular multispectral imaging array; TGF,
terrestrial gamma-ray flash; LBH, Lyman-Birge-Hopfield; LF, low frequency; IC, intracloud; CG, cloud-to-ground; WWLLN, World Wide Lightning Location
Network.
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Figure 4. Measurements of the second Elve in milliseconds after 00.01:39 UT at the source. (a) LF from Puerto Rico with two WWLLN location and one
GLD360 location. The source time of the average location is shown by a thick light blue line in all panels (see text for explanation). (b) MMIA PHOT 337 nm.
(c) MMIA PHOT UV 180-230 nm (LBH). (d) MMIA PHOT 777 nm. For panels (c-e), the intensities are in ADC units. LF, low frequency; WWLLN, World Wide
Lightning Location Network; MMIA, modular multispectral imaging array; LBH, Lyman-Birge-Hopfield.

3.3. Elve and Optics From the —CG Discharge

Figure 4 shows three milliseconds of data around the second Elve. In this case, there are two WWLLN
locations and one GLD360 location. The same procedure as used for the first Elve was applied to get the
location that matched the arrival of the LF pulse, and the LF data were then back-propagated in time using
the averaged location. The MMIA data are aligned such that the UV onset is simultaneous with the onset
of the LF data, with a 10 us delay, due to geometry, lifetime of excited states of N, molecules, and sensi-
tivity of the photometer (see Section 4.2). Figure 4a shows the continuous LF activity preceding the large
pulse for several milliseconds and the monopolar nature of the large pulse. This, along with the polarity of
the leading edge of the pulse, indicates that this signal was produced by a —CG lightning discharge (Lyu
et al., 2015). The continuous activity for about 2 ms before the large LF pulse is also typical for a downward
propagating negative leader of a —CG. As can be seen in Figure A2 in Appendix A, this continuous LF ac-
tivity (starting at ~2.6 ms, marked with blue bar) before the RS pulse (at ~4.7 ms, marked with red bar) is
1 order of magnitude higher than the level of activity from the previous +IC flash. The intense UV signal
from the Elve (Figure 4c) had a faster rise time (~30 us) and a shorter duration (~600 ps) than seen in the
first Elve. The onset of optical pulse in 777 nm (Figure 4d) is delayed relative to the UV pulse by ~90 us. The
optical pulse has a rise time of ~190 us and a duration of only ~500 us. Here, we can also clearly see that
the 337 nm picks up some signal from the Elve, but otherwise follows the profile of the 777 nm with slightly
longer duration. The optical signal in both 337 and 777 nm prior to the large pulse is the superposition of
the decaying activity from the +IC flash 300 km north of the —CG as explained in Section 3.1 and the leader
propagation before the RS in the —CG stroke.

OSTGAARD ET AL.

7 of 20



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2020JD033921

—_
o

T
A) —— measured
—fit

[6)]
T
|

meas and fit Bphi (nT)

5 I I I I I I
560.65 560.7 560.75 560.8 560.85 560.9 560.95 561

time (ms after 00:01:38 UT)

m
w
o
o

100 - b

0 L | | L | L L
556.52  556.54 556.56  556.58 556.6 556.62 556.64  556.66 556.68
time (ms after 00:01:38 UT)

current moment (kA k

p

ki
o
o

IN
T
|

\o}
T
I

L I | | 1 1
6.52 556.54 556.56 556.58 556.6 556.62 556.64 556.66 556.68
time (ms after 00:01:38 UT)

o

«charge moment (C

a

Figure 5. (a) The LF radio signal from the +IC lightning detected at Puerto Rico (blue) overlaid the best fit from a
current pulse (red). Time refers to Puerto Rico. (b) The current moment that gives the magnetic signal in the time
interval shown by black and red horizontal bars in (a). The EIP is the 30 us long pulse seen between 556.62 and
556.65 ms marked with red bar. (c) The corresponding charge moment. Both (b and c) have been propagated back in
time with the speed of light to the source 1,250 km away (~4 ms). LF, low frequency; IC, intracloud; EIP, energetic in-
cloud pulse.

4. Modeling
4.1. Derivation of Current and Charge Moments

We compute the current moment waveform that best fits the measured LF signal using the inversion ap-
proach described by Cummer and Inan (2000). In this implementation, we assume a short dipole source
and model the propagation impulse response using the well-known time domain field expressions given
by Uman et al. (1975), with additional low-pass filtering to account for the ground wave attenuation over
sea water (ITU, 2007, https://www.itu.int/rec/R-REC-P.368-9-200702-I/en). We then use deconvolution to
find the source waveform consistent with the theoretical impulse response and the measured LF fields
(Cummer & Inan, 2000). Linear regularization is employed in this inversion for well posedness and also to
ensure that we find the waveform with the minimum total charge moment change that is consistent with
the measurement.

Figure 5a shows the reconstructed signal (red) from the source current moment pulse required to produce
the measured signal (blue) between 560.70 and 560.95 ms (time interval refers to time at Puerto Rico). In
Figure 5b, the best fitted current moment waveform, calibrated in units of kA km at source (~4 ms earlier,
1,250 km away), is shown. A weak current starts about 50 ps before the big pulse, due to the small pulses
seen in Figure 5a between 560.73 and 560.78 ms (Puerto Rico time—marked with black horizontal bar) and
reaches about 60 kA km before the big pulse between 556.62 and 556.65 ms (source time) seen in Figure 5b.
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The big current pulse produces the direct wave signal at 560.78-560.81 ms (Puerto Rico time—marked with
red horizontal bar) in Figure 5a. The larger pulse seen from 560.85 ms is the ionospheric reflection. The du-

ration of the main peak of the current moment waveform is ~30 us and the rise time (g > O) is only 10 us
t
(see red bar in Figure 5b). This EIP had a peak current moment of 280 kA km and combined with its large

dl
= a big EMP was emitted that produced UV emissions of the Elve. The uncertainty of the current moment

values is 10%-20%. For this lightning stroke, GLD360 reported a positive peak current of 257 kA. Figure 5¢
shows the extracted charge moment, where charge transfer both before and during the EIP reached a total
value of 8 C km. About 60% of the charge transfer occurred during the 30 ps long EIP.

4.2. Modeling of the UV Signal From the Elve

To model the expected UV pulse shape for the first Elve seen by the UV photometer, the current moment
waveform of the EIP (between 556.618 and 556.660 ms in Figure 5b) was used as a source of the EM pulse.
The power converted into the UV light emission is assumed to be proportional to the squared radiative com-
ponent of the electric field produced by the EIP at the point of UV emission. This, in turn, is proportional
to the squared time derivative of the EIP current moment waveform, inverse proportional to the squared
distance from source, and modulated by the directional diagram to account for the angular distribution of
the power emission. Also, there was implemented an exponential relaxation with 56 us characteristic time
for the excited states of N, molecules that emit in the LBH band (Simek, 2014). Expanding rings of the UV
emission at altitude of 90 km were then propagated to the ISS position and integrated over the FOV of the
UV photometer to produce the light curve of the modeled UV pulse. To model the second Elve from the
—CG RS, the current moment waveform of a Gaussian pulse with o = 10 ps and total duration of 30 us was
used as a source of the EM pulse. The geometry for the two sources corresponds to the actual observation
geometry (relative position of the two sources and the ISS); the two sources were placed at 13 km (EIP) and
2 km (RS) altitude above the perfectly conductive ground correspondingly.

For the angular modulation of the EMP, we have used Equation 7 from Shao et al. (2004):

1(0) ~ (1 — BcosB) > sin’ 0 @

where 0 is the emission angle, I(0) is the power emitted to the infinity within the angle cone (6), and j is the
relativistic factor, v/c. In Shao et al. (2004), the speed, v, is the propagation speed of the current wave along
the channel. Following Marshall et al. (2015), we set v equal to 0.75c but also show the solution for v = 0.5c.
It is not obvious that one can take an equation which is developed for charged particle motion and use it for
a current wave. The wave can move with relativistic velocities, but the current carriers have nonrelativistic
speed. To illustrate what the dipole approach is for v <« ¢, we also show the solution for § = 0. However, it
is beyond the scope of this paper to explore this further. Our purpose for this modeling is to show that the
shape of the observed UV signal is what is expected from an Elve and to define the onset of the UV signal
as observed by ASIM.

Figure 6 shows the modeling results compared with the observed UV light curves. Figures 6a and 6¢c show
3,100 and 120 s of the first Elve and Figures 6b and 6d show 3,100 and 120 us of the second Elve (all curves
are normalized by the maximum value). For both Elves, it can be seen that the UV onset of the observed
light curves is delayed by about 10 ps compared to the onset of the modeled UV light curves. This is a com-
bined effect of the instrument's sensitivity (dynamic range ~2 orders of magnitude), the noise level of the
UV signal, observational geometry, lifetime of the UV emissions, and the steepness of the source current
moment.

‘We emphasize that in our modeling efforts we did not intend to simulate the quantitatively precise UV pho-
tometer response for the two Elves by using a complete modeling of EM wave propagation and excitation
of UV emissions in the ionosphere. We rather aimed at qualitatively reproducing the meaningful features
of the UV light curves, like shape, rise time, and duration. For more sophisticated and complete modeling
efforts of the Elves, see Liu et al. (2017) and Pérez-Invernén et al. (2018).
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Figure 6. (a) The measured UV signal of the first Elve (blue line) with three modeled signals using the current moment of the EIP as a source and three values
of 8 in Equation 1. (b) Zoomed in version of (a) to show the rising edge of the light curve during initial 100 us. (c) Same format as (a) for the second Elve. (d)
Zoomed in version of (c). The visual onset of both Elves demonstrates a ~10 s delay compared to the modeled onset. UV, ultra-violet; EIP, energetic in-cloud

pulse.

4.3. Scattering of Optical Signals Through the Clouds

To model the scattering and absorption of the 777 nm emissions through the cloud, we follow the procedure
described in Luque et al. (2020), their Section 3.1. A point-like lightning source is placed within a homoge-
neous horizontally infinite cloud bounded by two parallel planes. The source is considered “prompt” and is
implemented as a delta function, which is justified by the short duration of the EIP (30 us, compared to the
observed 2 ms long optical pulse) and that the unscattered optical pulse from a RS is typically 40 us (Jordan
et al., 1997). The cloud is composed of water droplets with 10 um radius and a density of 100 cm™. These
are typical values for clouds and are fixed in our simulations as such, though different values could have
been used. As the UV signal is ~10 ps delayed relative to a signal propagating directly to the observational
point with the speed of light, the delta function representing the source time plus direct EM propagation
time is also fixed to coincide with the onset of the UV signal minus 10 ps for the two events, respectively
(green vertical lines in Figure 7). Only two parameters are allowed to vary, the thickness of the cloud and
the location of the source relative to the cloud top.

Figure 7 shows the modeling results for the two events, where the pink, blue, and red lines are the measured
UV, 337, and 777 nm emissions, respectively. The black line is the modeled 777 nm emissions. For the first
event, the combination of a cloud thickness of 12.0 km and a source location of 5.4 km below the cloud top
were found to give the best fit with the measurements. Considering a cloud top at 15-16 km, this would give
a source at ~10-11 km, which is reasonable production altitude for TGFs (Cummer et al., 2015). Both the
delay and rise time and duration of the 777 nm pulse are reproduced fairly well. The long duration is mostly
due to scattered light from below the source. For the second event, the best fit with measurements was the
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Figure 7. (a) Modeling the 777 nm emissions from the +IC lightning. (b) Zoomed in to see the delayed onset of the
777 nm pulse relative to the source time and UV onset. (c and d) Same as in (a and b), but for the —CG lightning. In all
panels: pink, blue, and red lines are the measured UV, 337, and 777 nm emissions, respectively, and source times (UV
onset minus 10 us) are marked with green lines and black lines are the Monte Carlo modeled 777 nm signal. There is
2.5 ms between labels in (a) and 1 ms in (c). For all panels, the measured intensities are in ADC units. IC, intracloud;
UV, ultra-violet; CG, cloud-to-ground.

combination of a cloud thickness of only 6.0 km and source location at 5.6 km from cloud top. This would
be from the bottom of the cloud. Again, the delay, rise time, and duration are reproduced fairly well, and the
short duration is here due to the lack of scattering from below.

Independent modeling of scattering effects on the optical signals detected by ASIM was also performed by
one of the coauthors (J. Dwyer) and gave similar rise time and duration (not shown) as the modeling results
presented here. We emphasize that there are many free parameters and these results should be considered
as some possible ones among others.
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5. Discussion

The uniqueness of these observations is that we have both high temporal resolution gamma-ray measure-
ments of a TGF, high-resolution optical signatures in two optical bands of the lightning, the two Elves seen
in the UV band and LF radio measurements from both lightning. In addition, we have the locations of the
lightning given by WWLLN and GLD360 supported by camera images of the lightning. This combined data
set enables us to align the onset of the UV pulse and onset of the LF pulse with a ~10 us relative certainty,
and then the TGF follows with a +80 s relative certainty. We emphasize that the alignment of the data
with ~10 us relative certainty is only based on the assumption that the EIP and the RS are the sources of
the Elves.

The TGF presented here is the second observation (after the first by Neubert et al. [2020]) of a TGF and an
Elve produced by the same lightning and gives more support to the prediction by Cummer et al. (2014),
Lyu et al. (2015), and Liu et al. (2017) that an EIP associated with a TGF can produce an Elve. It is the first
time we also have radio measurements for the analysis, which allows us to identify the EIP and to make a
detailed analysis of the event.

For both events, the observed 777 nm emissions are delayed to the observed UV emissions. When modeling
the 777 nm emissions we have assumed that the short and large currents (EIP for +IC and RS for —CG, both
lasting a few tens of microsecond) produced the large pulse of 777 nm emissions. The optical source was
therefore represented by a delta function. Using the UV onset time (minus the 10 us delay of the UV signal,
see Section 4.2) as the time for the optical source inside the cloud, we find that the 777 nm emissions have
to propagate a distance of ~5.5 km between source and cloud top to match the observed delay, shape, and
duration of the 777 nm pulses (Figures 7b and 7d). We are not claiming that this is the “true” or the only
possible structures of the two clouds, but with reasonable droplet size and density, the model gives reasona-
ble results of both distance from source to cloud top (~5.5 km) and total cloud thickness (12 and 6 km) and
support our assumption of EIP and RS being the source of the 777 nm pulses. The longer duration (2 ms)
for the optical signals from the +IC lightning can be explained by scattering in the cloud below the source,
while the shorter duration (500 ps) of the optical signal from the —CG lightning is due to the lack of scatter-
ing from below, also consistent with the two types of lightning.

Since the EIP and the RS are the only source candidates for the EMP that produced the Elves, we could align
the onset of UV signal with the onset of the large pulse in the LF data in both cases, after taking into account
the small delay (10 us) of the UV signals. The EIP and the RS are also the only source candidates in the
LF data for the large optical pulses seen in the +IC and the —CG lightning. There are no other candidates.

We also want to point out that with this simple cloud geometry (homogeneous horizontally infinite cloud
bounded by two parallel planes) the time delay scales with the square of the distance between source and
cloud top. Consequently, distances of 3, 5.5, and 7 km give delays of 25, 80, and 140 us, respectively, which
can serve as reasonable values of expected time delays between the observed optical signal compared to
directly propagating signal with the speed of light.

5.1. The +IC Event

We will first consider the +IC event, by discussing the leader propagation and the EIP being the source of
both EMP and the large 777 nm pulse, then how TGF is related in time to the EIP and finally what was the
current source(s) that produced the short duration and large-amplitude EIP.

5.1.1. Leader Propagation and the EIP During the +IC Event

The LF radio measurements show a few small pulses consistent with leader steps before the large pulse of
the +IC, which is accompanied by weak signals in 337 and 777 nm. About 1.1 ms later, a clear signature
of a short (30 us) and intense (280 kA km) EIP is seen in the radio data, and as explained above, this is
the only source candidate for both the optical pulse and the EMP that produced the Elve. The EIP has the
characteristics needed for making the EMP, it has short duration and large amplitude, and has a steep rise
time of only 10 ps and also a short decay time. This is the first large pulse (seen in both radio and optics)
in a flash that lasts for about 500 ms (see Figure 2). In the following 1-2 ms, there are spikes seen in the LF
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Figure 8. The 337 nm (a) and 777 nm (b) emissions from —5 to 20 ms relative to the TGF onset. The scale is logarithmic to emphasize the weak signals prior to
and after the large optical pulse. TGF, terrestrial gamma-ray flash.

data, which could be further leader steps. Also, looking more closely at the 777 nm emissions in the interval
from —5 to 20 ms in logarithmic scale, as shown in Figure 8b, we can see that the signal does not decrease to
the background level (before the leader started) but stays at the same level as during the leader propagation
before the EIP for about 15 ms. This indicates that the leader still propagated either horizontally or vertically
after the EIP. In Figures 2e and 2f, frame 2, which covers about 35 ms of this first part of the +IC flash, we
see emissions from a very limited area, which suggests vertical propagation, or that the horizontal extension
is too faint to be seen when the signal is dominated by the optical pulse from the EIP. We can therefore not
conclude that the EIP (and the TGF as will be discussed below) was produced at the end of the vertical lead-
er propagation, but rather that there was still vertical propagation after the EIP and TGF, consistent with
earlier reports (Cummer et al., 2015; Lu et al., 2010; Shao et al., 2010; Stanley et al., 2006), but contrary to
the EIP recently reported by Tilles et al. (2020), who reported no further leader propagation after that EIP,
and for this reason they termed it an “unusual” EIP. Since the optical signals of this propagation were rather
weak, it could be that this was when the leader propagated into the positive charge region where the relative
potential (between leader and ambient) becomes smaller and smaller with further vertical propagation. The
continuous leader propagation is also seen in the 337 nm emissions (Figure 8a), but we also notice that the
337 nm preactivity is more intense than in the 777 nm, which could indicate that in addition to the leader,
also streamers contributed significantly to the 337 nm emissions in the pre-EIP leader propagation. About
100 ms later, there are many large optical pulses (Figure 2c¢) and the camera images (frames 3 and 4) indicate
activity over an extended horizontal area.

5.1.2. The Time Sequence of the TGF and the EIP

As the relative timing between the MMIA and MXGS is not better than +80 us, we do not know the exact
timing of the onset of the TGF relative to the EIP. We can only state with confidence that the TGF was
produced either just before (<60 us), simultaneous, or just after (<100 us) the EIP. However, it should be
noticed that for the event reported by Neubert et al. (2020), we had +5 us relative timing accuracy, and
the onset of the TGF preceded the onset of UV signal by 20 us = 5 us and that the short TGF was almost
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Figure 9. Two examples of TGF and Elves, where the timing uncertainty between MXGS and MMIA is £5 ps. TGF,
terrestrial gamma-ray flash; MXGS, modular X- and gamma-ray sensor; and MMIA, modular multispectral imaging
array.

terminated when the UV signal increased, as seen in their Figure 2b. By August 2020, we have six more
observations of TGFs that occurred simultaneously with Elves. In all of these, the onset of the TGF is before
or simultaneous with the onset of the UV signal of the Elve with a relative timing accuracy between MMIA
and MXGS of +5 us. For these six events, GLD360 reported peak currents range from 280 to 400 kA. In
Figure 9, we show two of these events, where the TGF onset is ~30-40 us before the UV onset. These will
be subject to further studies, but here we just want to point out the consistent time sequence between TGFs
and Elves. We therefore think it is most likely that also the TGF reported here was either before or simulta-
neous with the EIP and not after. In Figure 10, we show how the shape of the TGF seen in the HED (blue)
follows the current moment pulse derived from the LF measurements, when moved 30 us earlier, which is
well within the +80 us uncertainty.
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Figure 10. The current moment derived from LF measurements and the TGF, when moved 30 us earlier. The black bar
is the uncertainty of +80 us of the TGF time centered at 556.64 ms. Blue bars are HED, while red bars are LED. LF, low
frequency; TGF, terrestrial gamma-ray flash; HED, high energy detector; LED, low-energy detector.
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5.1.3. Possible Current Sources for the EIP

We can think of two types of current that could produce the EIP: (1) a current in a hot leader channel and
(2) the current from the TGF itself. We will discuss both candidates and the combination of the two.

5.1.3.1. A Currentin a Hot Channel

Since 777 nm emissions are produced through dissociative excitation of molecular oxygen it is considered
to be produced in the hot channel of a leader (Chanrion et al., 2019). It should be noticed that the 777 nm
pulse is a fairly intense pulse of 100 ADC above the preactivity level. The short duration of the TGF indicates
that the strong electric field that accelerated the electrons in the Relativistic Runaway Electron Avalanche
(RREA) process (Gurevich et al., 1992) (and maybe feedback [Dwyer, 2012]) also had a short duration and
could have been quenched when the leader made a connection with another conductive body to produce a
large radio pulse. This would imply that the TGF was not directly related to the EIP, but that they are two
phenomena that occurred simultaneously. For a TGF, we need large potential drop and an electric field
above the RREA threshold, which could be facilitated by a long leader. The strong current that produced
the EIP could occur when this long leader connected to some conductive body (e.g., another leader channel/
stem) and a current would flow through the hot leader channel.

In Ostgaard, Neubert, et al. (2019), it was speculated whether this connection is made at the lower end
or upper end of the leader. If the connection is made at the lower end, and assuming that we only see the
optical signatures when the current wave through the leader has reached the top of the leader, the delay
between the onset of the current pulse and the onset of the optical pulse could be as much as ~70 us (as-

1
suming a 4 km long leader and wave speed of r of speed of light [Liang et al., 2014]), in addition to the

delay caused by scattering in the cloud. If this is the case we should have seen a larger delay between the UV
signal (which we aligned with the LF) and the 777 nm than the ~70 us we observed. However, if the speed

of the current wave is at the upper limit (é of speed of light [Liang et al., 2014]) the propagation time would

be less than 20 us and with our time resolution we cannot resolve this. If the connection is at the lower end,
it is not obvious that the electric field ahead of the upper part of the leader should be quenched, which the
short duration of the TGF indicates. A connection at the upper part of the leader would indeed terminate
the electric field ahead of the leader, but positive leaders coming down from the positive charge region have
not been observed. So, at this point, this is just speculation.

Due to this scenario, the TGF should be produced just before the EIP. To be consistent with the results by
Cummer et al. (2011, 2015) and Pu et al. (2019) who all showed that the pulses from EIPs and the TGFs were
correlated down to <10 us, the TGF could not precede the EIP by much.

5.1.3.2. The Current From the TGF Itself

As modeling results (Dwyer & Cummer, 2013) and measurements (Connaughton et al., 2013; Cummer
et al., 2011, 2015; Mezentsev et al., 2017; Pu et al., 2019) have suggested that a TGF also represents a current
that would give radio emissions, we will consider a scenario, where the EIP was not a current in the hot
channel but from the TGF itself, which is ahead (outside) the leader tip. In this case, it is the electrons in the
RREA process and their secondaries that make the current that produces the EIP. This was also interpreted
to be the source of the EIP in a recent paper by Tilles et al. (2020). In this scenario also, the feedback process
could have been involved. It should be noticed that in this short TGF the count rate was so high that the
HED instrument missed counts during the peak intensity, so the TGF current could have been large.

We also notice that the EIP and TGF had the same duration of 30 ps. Typical duration of EIPs observed
simultaneous with TGFs on microsecond time scale has been reported to be from 30 ps (Cummer
et al., 2011, 2015) to 80 us (Pu et al., 2019). In this scenario, the termination of the electric field that pro-
duced the TGF could have been facilitated by the feedback process, which can easily decrease the electric
field in tens of microseconds.

This scenario would be consistent with the TGFs that were observed to be simultaneous with the optical
pulses in @stgaard, Neubert, et al. (2019), but not with the% of the TGFs that preceded the optical pulse by
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more than 180 us (uncertainty of 80 ps plus a delay of 100 us). There has been modeling efforts to estimate
the optical emissions associated with TGFs (Xu et al., 2015) but they did not include 777 nm emissions, and
we are not aware of any studies that have done that. Since the current from the TGF itself would not be in a
hot channel, it is not obvious how this current could produce such strong pulse of 777 nm emissions, which
requires high temperature. We also want to point out that there is a weaker current moment (~60 kA km)
prior to the EIP lasting for at least 50 ps (see Figure 5b). We cannot exclude the possibility that this could
be the signature of the TGF current. This interpretation would be consistent with the EIP being produced
by a current flowing in a hot channel, but again inconsistent with results showing that EIPs and TGFs are
correlated down to <10 us (Cummer et al., 2011, 2015; Pu et al., 2019).

A current in a hot channel is the most likely candidate for producing the large 777 nm pulse. On the other
hand, the duration of the TGF is exactly the same duration as the derived current moment changes from
the LF measurements. This suggests that the EIP could be produced by a combination of the two, that there
was a current in a hot channel and that the TGF current was simultaneous and contributed significantly to
the total current observed as an EIP. In this case, the 777 nm emissions were produced by the hot-channel
current, consistent with the high temperature required for the dissociative excitation of molecular oxygen
to produce the emissions.

For both scenarios, a large electric field ahead of a long leader seems to be a prerequisite. As the leader
extends vertically toward the “center” positive charge region, the potential difference between leader tip
and ambient increases while the RREA electric field threshold, which scales with the neutral density, de-
creases with altitude. This means that there is an altitude range that is favorable for producing a TGF. In
addition, the total electric field (the leader field and ambient field) needs to stay above the RREA thresh-
old for a sufficient long distance to provide the potential difference needed for RREA (and feedback) to
occur (Celestin et al., 2015; Dwyer, 2012; Skeltved et al., 2014). As the ambient field gets smaller inside
the positive charge region (and changes polarity in the “center”), its contribution to the total electric
field gets smaller and the potential difference between the leader tip and ambient may not be sufficient
for producing a TGF. This implies that the relative position (in altitude) of leader tip and positive charge
“center” also might be important for producing a TGF. In the case where the conditions for producing
TGF are satisfied, the leader can still propagate vertically in the positive charge region (as discussed ear-
lier) and this can explain why the TGF is not produced when the leader is even longer, a question raised
by Cummer et al. (2015).

5.2. The —CG Event

The second Elve was produced by an EMP from the RS of a —CG. According to both the GLD360/WWLLN
and camera images, the —CG occurred about 300 km south of the +IC lightning. The optical pulse of the
—CG lightning is on top of the light from the IC flash (Figures 2b, 2e, and 2f, frame 7). Before the RS, there
are continuous activity in the LF data, as expected for a —CG lightning. The large LF pulse of the RS was
the first RS in a flash that has several LF pulses from the same region 300, 700, and 800 ms after the RS
(not shown). No activity was seen in MMIA camera images or by GLD360 and WWLLN from this cloud
before the preactivity and RS. This Elve is similar to the early observations of Elves that were related to CG
lightning of both polarities (e.g., Fukunishi et al., 1996; Inan et al., 1997). Since the RS represents a large
current flowing in a hot channel, it would also be the only candidate for producing the large optical pulses.
Our modeling of the 777 nm emissions through the cloud also reproduces the delay between UV pulse and
777 nm pulse, as well as its shape and duration. For this study, the importance of having the second Elve
observation 456 ms after the first one is that it enabled a time alignment of the LF data and MMIA data
with 10 ps accuracy, which was essential for the detailed analysis of the EIP, the optical pulses, and the
TGF.

6. Conclusions

Based on both radio, optical, and gamma-ray data, and modeling of light scattering in a cloud and Elve
production, we can conclude the following:
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(1) The sources of the EM pulses that produced the two Elves were the EIP in the +IC lightning and the RS
in the —CG lightning.

(2) The EIP and the RS were also the sources for the large pulses seen in 777 nm emissions.

(3) The first Elve and the TGF were produced during the vertical leader propagation in the initial phase of
the +IC.

(4) The TGF is produced before or most likely simultaneously with source of the EIP.

The EIP was produced by a current in a hot channel, the current from the TGF itself, or a combination of the
two. The duration of the EIP is consistent with both current sources, while the strong 777 nm pulse favors a
current in a hot channel. Since the TGF is both short and intense and should produce a strong current, it is
likely that the EIP is produced by a combination of the two current sources occurring simultaneously. The
termination of the electric field that produced the TGF could have been that the leader connected to another
conductive body, or it was the TGF itself that reduced the field.

Appendix A: A.1. Leader Activity Prior to the Large Optical Pulse of the +IC
Lightning

Figure Al is a zoomed in version of Figures 3a, 3c, and 3e in logarithmic scale to show the weak signals in
LF that start at 555.5 ms and continue around 556 ms, and how the optical signals in 337 and 777 nm start
increasing soon after 555.5 ms.
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Figure Al. The leader preactivity prior to the EIP, TGF, and Elve. (a) LF from Puerto Rico. (b) MMIA PHOT 337 nm. (c) MMIA PHOT 777 nm in logarithmic
scale. For panels (b and c), the intensities are in ADC units. EIP, energetic in-cloud pulse; TGF, terrestrial gamma-ray flash; LF, low frequency; MMIA, modular

multispectral imaging array.
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A.2. Leader Activity Prior to the Large Optical Pulse of the —CG Lightning

Figure A2 shows an extended time interval of Figure 4a in logarithmic scale. From about 2.5 ms, there is an
increase in the LF signals, which indicate the continuous activity of a downward negative leader for about
2 ms before the large RS pulse of the —CG.

0 5 10 15 20
time after 2019-02-08 00:01:39, ms

Figure A2. The preactivity (starting at ~2.6 ms, blue bar) seen in LF from Puerto Rico prior to the RS (at ~4.7 ms, red bar) of the —CG lightning. LF, low
frequency; RS, return stroke; CG, cloud-to-ground.
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